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Directed Antigen Presentation Using Polymeric
Microparticulate Carriers Degradable at Lysosomal pH
for Controlled Immune Responses

Young Jik Kwon,' Stephany M. Standley!* Andrew P. Goodwin,}
Elizabeth R. Gillies,” and Jean M. J. Frechet* 1+

Center for New Directions in Organic SynthesiBepartment of Chemistry, Usnérsity of
California, Berkeley, California 94720-1460, and Materials Sciencegdin,
Lawrence Berkeley National Laboratory, Berkeley, California 94720

Received November 17, 2004

Abstract: The types of the immune responses generated against an antigen are determined
by the intracellular fate of the antigen. Endogenous antigens are processed in the cytoplasm
and initiate cytotoxic T lymphocyte (CTL) activation. In contrast, exogenous antigens are
degraded in the lysosome (or phagolysosome) of antigen presenting cells (APCs), and induce
antibody-mediated immune responses and assist CTL activation. Therefore, maximizing a desired
response by controlling delivery pathways is indispensable in vaccine development and
immunotherapy. New cleavable microparticles have been prepared for use as protein-based
vaccine carriers by polymerizing water soluble monomers including a newly developed aliphatic
monomer with a pendant primary amine group and a cleavable acetal linkage with a wholly
aliphatic cleavable acetal cross-linker. Incorporation of the cleavable amine monomer in the
polymerization mixture increased the encapsulation efficiency of a model antigen, ovalbumin.
Ex vivo assays showed that the composition of the particles greatly affected the magnitude and
the pathway of antigen presentations, which determine the type of immune responses. The
degradable particles synthesized with the new cross-linker enhanced MHC | antigen presentation
2—3-fold over nondegradable particles. It was also found that, by adding 10% cationic cleavable
monomers to the microparticles, MHC | restricted antigen presentation was enhanced ca. 75
times over that achieved with nondegradable particles. The microparticles introduced in this
study can be further used for targeting and gene delivery due to functionalizable and cleavable
cationic monomers in addition to degradability.

Keywords: Microparticle; acetal cross-linker and monomer; CTL activation; antigen presentation;
controlled immune response; cancer vaccine

Introduction for vaccines against hepatitis'@IDS,22 and cancet.® One

For two centuries. vaccines have been used as one of the®f the features distinguishing vaccines from other treatments
most efficient therapeutics for preventing and treating many IS that they eliminate their targets such as pathogens and
fatal diseases. Currently, there are desperate worldwide needdfected cells by activating the immune system rather than
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attacking them directly. To achieve the proper response, theresulted in more efficient immune activation than the direct
immune system is strictly controlled by complicated networks injection of equivalent amounts of free antigéndowever,
involving numerous types of cells. Antigen presenting cells most of the antigens delivered extracellularly led to MHC
(APCs), including macrophages and dendritic cells, initiate 1l restricted antigen presentation after being processed in
immune cascades by presenting fragments (e.g., peptides antysosome, which is undesirable for cancer vaccine develop-
lipids) derived from antigens to T cells and by secreting the ment. However, efficient MHC | restricted antigen presenta-
appropriate cytokines. Antigens from intracellular pathogens tion is possible if antigens escape from the lysosome into
such as viruses and bacteria residing in the cell are degradedhe cytosol rather than being degraded in the lysosome. We
in the cytosol, and their peptides are presented by majorhave recently validated this hypothesis by showing that
histocompatibility complex class | (MHC 1) molecules. enhanced MHC | restricted antigen presentation can be
Cytotoxic T lymphocyte (CTL) activation is subsequently achieved using particles that degrade rapidly at the lysosomal
cascaded from the ligationf@ T cell receptor (TCR) on  pH of 5.0 leading to disruption of the lysosofté®Similarly,
CD8+ T cells and an antigen-derived peptide presented on plasmid DNA encapsulated in degradable particles demon-
MHC | by APCs. Finally, the infected cells are lysed by strated immunostimulatory activity in macrophages, leading
activated CTLs. On the other hand, antigens endocytosedto cytokine secretion of IL-6 with a response ca. 40-fold
(or phagocytosed) from the extracellular space are processednigher than that achieved with DNA alo#eFinally, it has
in acidic lysosomes (or phagolysosomes). The degradedbeen also reported that degradable particles increased the
peptides are presented by MHC Il molecules and activate efficiency of a DNA vaccination against cancér.
CD4+ T cells, which aid in CTL activation and stimulate Here we describe the use of new functional aliphatic
plasma B cells to produce antibodies.successful vaccine  monomers and cross-linkers for the preparation of improved
must be able to activate a desired type of immune responsemicroparticles that are degradable in the acidic lysosomes.
at a sufficient level. For example, it has been shown that a The use of these building blocks leads to improved properties
CTL-mediated immune response is more effective than including increased biocompatibility and faster hydrolysis
antibody-mediated immunity for eradicating cancer c&ilig. than observed with our previous building blodksl®
However, high levels of antibodies against viruses as well Interestingly, the results of the present study clearly show
as CTLs against the infected cells are required to preventthat the magnitude and pathway of antigen presentation, and
and to cure AIDSY!? Therefore, controlling the type of thus the types of the immune response, are affected by
immune response, in addition to achieving sufficient activa- changes in the level of incorporation and type of cleavable
tion, is of great interest in developing a successful vaccine. cross-linkers and monomers.

So far, targeting phagocytic APCs by delivering antigens
encapsulated in the microparticles ©2um in diameter has  Experimental Section

General. All reagents were purchased from chemical
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avoid hydrolysis of the acid sensitive compounds during
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Pardoll, D.; Levitssky, H. Role of bone-marrow-derived cells in  (14) Murthy, N.; Thng, Y. X.; Schuck, S.; Xu, M.; Feket, J. M. J. A
presenting MHC class I-restricted tumor antigeBsiencel 994 novel strategy for encapsulation and release of proteins: Hydrogels
264, 961-965. and microgels with acid-labile acetal cross-linkeksAm. Chem.
(9) Speiser, D. E.; Miranda, R.; Zakarian A.; Bachmann, M. F.; S0c.2002 124, 12398-12399.
McKall-Faienza, K.; Odermatt, B.; Hanahan, D.; Zinkernagel, R. (15) Murthy, N.; Xu, M.; Schuck, S.; Kunisawa, J.; Shastri, N.;dFet,
M.; Ohashi, P. S. Self-antigens expressed by solid tumors do not J. M. J. A macromolecular delivery vehicle for protein-based
efficiently stimulate naive or activated T cells: Implications for vaccines: Acid-degradable protein-loaded microgetsc. Natl.
immunotherapyJ. Exp. Med.1997, 5, 645-653. Acad. Sci. U.S.A2003 100, 4995-5000.
(10) Qin, Z.; Richter, G.; ScHer, T.; Ibe, S.; Cao, X.; Blankenstein,  (16) Goh, S. L.; Murthy, N.; Xu, M.; Frehet, J. M. J. Cross-linked
T. B cells inhibit induction of T cell-dependent tumor immunity. microparticles as carriers for the delivery of plasmid DNA for
Nat. Med.1998 5, 627—-630. vaccine developmenBioconj. Chem?2004 15, 467—474.
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Figure 1. Preparation of the cleavable amine-functionalized monomer 1 and cross-linker 2.

chromatographic separation on Merck Kieselgel 60 silica gel 37.2). Calcd: [M+ H]* (Cs H11FsNO3z) mVz = 202.0696.
(230-400 mesh), 1% triethylamine (TEA) was added to the Found: FAB-HRMS [M+ H]" m¥z=202.0691. Anal. Calcd
solvents used for elution. For NMR analysis, Ch@las (Cs H10F3NOg3): C, 35.83; H, 5.01; N, 6.96. Found: C, 35.54;
filtered through basic alumina prior to use in NMR spec- H, 5.20; N, 7.02.
troscopy, which was performed using a Bruker AVB-400  Synthesis of Compound 4. 311.30 g, 56.18 mmol, 3
spectrometer. Chemical shifts are given in parts per million equiv) was dissolved in 230 mL of THF, and pyridinium
relative to tetramethylsilane (TMS), and coupling constants p-toluenesulfonate (PPTS) (0.47 g, 1.87 mmol, 0.1 equiv)
are given in hertz. IR spectra of compounds were acquiredwas added. After 15 min of stirring, 200 g of molecular
as KBr pellets using a Mattson Genesis Il FT-IR spectrom- sjeves (5 A, 1.6 mm pellet) was added and the mixture was
eter. The overall synthetic scheme is illustrated in Figure 1. stirred for an additional 10 min. 2-Methoxypropene (1.35 g,
Synthesis of Compound 3.2-(2-Aminoethoxy)ethanol  18.73 mmol, 1 equiv) was added, and the mixture was stirred
(15.80 g, 149.46 mmol, 1 equiv) was dissolved in 100 mL overnight at room temperature. After removal of the molec-
of methanol, and triethylamine (24.67 g, 224.08 mmol, 1.5 ular sieves by filtration, the solvent was evaporated and the
equiv) was added, followed by ethyl trifluoroacetate (23.34 mixture of product and reactants was redissolved in 150 mL
g, 159.80 mmol, 1.1 equiv). The reaction mixture was stirred of phosphate-buffered saline (PBS, pH 7.4). After exhaustive
overnight at room temperature. Most of the solvent was extraction with ethyl acetate, the combined organic layers
removed under reduced pressure, then the mixture waswere evaporated, and the product was purified using silica
dissolved in 50 mL of brine and extracted withx3200 mL gel chromatography with 4/1 hexane/ethyl acetate, 1/1
of ethyl acetate, and the solvent was evaporated. The crudenexane/ethyl acetate, and finally ethyl acetate alone as the
product was purified by silica gel column chromatography eluent. The product (4.07 g, 9.20 mmol, 49% yield) was
using ethyl acetate as eluent, to afford an amber-colored oil obtained as white solid. Mp: 46-617.8°C. IR (cnT?): 1185
(29.2 g, 145.2 mmol, 97% vyield). IR (cth): 1133-1206 (s), 1211 (s), 1712 (s), 3306 (br, n}d NMR (400 MHz,
(br, s), 1711 (s), 32733456 (br, s).!H NMR (400 MHz, CDCly): 6 1.36 (s, 6H), 3.533.63 (m, 16H), 7.03 (s, 2H).

CDCl): 8 2.79 (s, 1H), 3.523.62 (m, 6H), 3.74 (tJ =  13C NMR (400 MHz, CDC4): 6 24.71, 39.64, 59.99, 68.52,
4.4, 2H), 7.5 (s, 1H)13C NMR (400 MHz, CDCJ): 639.73,  70.49, 100.19, 115.86 (g, = 287.8 Hz), 157.22 (qJ =
61.57, 68.82, 72.18, 114.41 (@,= 287.8), 157.5 (qJ =  37.2 Hz). Calcd: [M+ Li]* (CisHaFeN,Oeli) miz =
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449.1698. Found: FAB-HRMS [M- Li]* m/z= 449.1698.
Anal. Calcd (GsH24FsN2Og): C, 40.73; H, 5.47; N, 6.33.
Found: C, 41.05; H, 5.59; N, 6.24.

Synthesis of Compound 5. 43.25 g, 7.35 mmol) was

Synthesis of Compound 7. §2.33 g, 6.73 mmol, 1 equiv)
was dissolved in 50 mL of dioxane with 40.84 g of
triethylamine (403.62 mmol, 60 equiv). The solution was
cooled in an ice bath, and acryloyl chloride (12.18 g, 134.54

dissolved in 50 mL 66 M NaOH in water and stirred for4 ~ mmol, 20 equiv) was added slowly via syringe. The reaction
h. After extraction with 5x 100 mL of dichloromethane, ~ Mixture was then stirred for 10 min, then 100 mL of 10%

the combined organic layers were evaporated, providing a(W/v) aqueous potassium carbonate was added, and the
pale yellow oil (1.42 g, 5.67 mmol, 77% yield). IR (cA): reaction mixture was stirred for an additional 10 min. The

1125 (s), 1210 (s), 1573 (s), 3370 (br, & NMR (400 product was extracted using >3 200 mL of ethyl acetate
MHz, CDCL): & 1.31 (s, 6H), 1.63 (s, 4H), 2.79 (3, = and then purified by silica gel chromatography using hexane,
5.0, 4H), 3.44 (t) = 5.2 Hz, 4H), 3.53-3.56 (m, 8H).13C followed by 3/1 hexane/ethyl acetate, 1/1 hexane/ethyl
NMR (400 MHz, CDC}): & 24.72, 41.59, 59.93, 70.27, acetate, .and ethyl acetate to gfford 0.92 g of product as a
73.09, 99.89. Calcd: [M+ H]* (CuHasN,0s) miz = yellow oil (2.30 mmol, 34% yield). IR (cmt): 1667 (s),
251.1976. Found: FAB-HRMS [M- H]* mz=251.1971. 1716 (s), 3076 (s), 3290 (br, s}H NMR (400 MHz,

Anal. Caled (GiHaN:04): C, 52.78; H, 10.47; N, 1119,  CDCh): 0 1.34 (s, 6H), 3.483.54 (m, 4H), 3.553.64 (m,
Found: C. §2.70: H. 10.58 N, 10.03. 12H), 5.62 (ddJ = 10.4 Hz,J = 1.6 Hz, 1H), 6.08 (dd,

) J=16.8 Hz,J=10.4 Hz, 1H), 6.26 (dd) = 17.2 Hz,J =
Synthesis of Compound 2.Compound5 (1.07 g, 3.07 1.6 Hz. 1H). 6.31 (s. 1H). 7.36

) . . . . . , , 6. , , 7.36 (s, 1HJC NMR (400 MHz,

mmol, 1 equiv) was dissolved in 10 mL of dioxane with 2, 1H) (s, 1H) ( ¥ ( ¢

. : . ) CDCly): 0 24.80, 39.28, 39.80, 59.97, 60.00, 68.59, 69.56,
18.64 g of triethylamine (184.2 mmol, 60 equiv) on ice. 70 393) 70.50, 100.14, 115.90 (4,= 287.8 Hz), 126.53

Acryloyl chloride (5.56 g, 61.4 mmol, 20 equiv) was added 130.71, 157.31 (q) = 37.2 Hz), 165.62. Calcd: [M- H]*
gradually by syringe, followed by the addition of 40 mL of (C16H28i:3N206) mz = 401.1894. Found: EAB-HRMS

10% (w/v) potassium carbonate solution and further stirring [M + H]* m/z = 401.1899. Anal. Calcd (GH2FsN-O¢):
for 30 min. After extraction with 5x 25 mL of dichloro- C. 48.00' H. 6.80' N. 7.00. Found: C. 47.83' H. 7.01: N

methane, the solvent was evaporated. The product wasg 75
purified by silica gel chromatography using ethyl acetate.
The product was obtained as a white solid (0.69 g, 1.93
mmol, 63% vyield). Mp: 80.681.7 °C. IR (cnT?): 1129

(s), 1549 (s), 1660 (s), 3281 (br, m}d NMR (400 MHz,
CDCly): 6 1.27 (s, 6H), 3.533.55 (m, 4H), 3.59-3.62 (m,
12H), 5.64 (ddJ = 10.0,J = 1.6, 2H), 6.12 (ddJ = 16.8,
J=10.4, 2H), 6.30 (dd) = 17.2 Hz,J = 1.6 Hz, 2H), 6.37

(s, 1H).13C NMR (400 MHz, CDC}): 6 24.91, 39.39, 60.00,
69.68, 70.44, 100.07, 126.52, 130.78, 165.59. Calcd:HM
H]* (C17H31N2O6) MVz = 359.2184. Found: FAB-HRMS
[M + H]*t myz = 359.2182. Anal. Calcd (ZH30N2Og): C,
56.97; H, 8.44; N, 7.82. Found: C, 56.88; H, 8.43; N, 7.57.

Synthesis of Compound 6. §1.12 g, 4.47 mmol, 1 equiv)

Synthesis of Compound 1. 70.5 g, 1.25 mmol) was
dissolved in 10 mL 66 M NaOH in water and the mixture
stirred for 30 min. After extraction with 5< 20 mL of
dichloromethane, the combined organic layers were evapo-
rated, to provide the product as a yellow oil (0.35 g, 1.16
mmol, 93% yield). IR (cm?): 1129 (s), 1549 (s), 1664 (s),
3294 (br, s)*H NMR (400 MHz, CDC}): 6 1.35 (s, 6H),
1.56 (s, 2H), 2.82 (t) = 5.2 Hz, 2H), 3.473.52 (m, 4H),
3.55-3.62 (m, 10H), 5.59 (dd) = 10.0 Hz,J = 1.2 Hz,
1H), 6.11 (dd,J = 16.8 Hz,J = 10.4 Hz, 1H), 6.23 (dd,
J=17.2 Hz,J= 1.2 Hz, 1H), 6.98 (s, 1H%:C NMR (400
MHz, CDCl): 6 24.81, 39.26, 41.79, 59.81, 60.08, 69.82,
70.30, 70.35, 73.43, 99.96, 126.04, 130.86, 165.52. Calcd:
was dissolved in 5 mL of methanol with 0.73 g of [M + H]* (Ci4H20N20s) mVz = 305.2077. Found: FAB-
triethylamine (6.71 mmol, 1.5 equiv), and ethyl trifluoroac- HRMS [M + H]* m/z= 305.2076. Anal. Calcd (GH2gN-Os):
etate (0.636 g, 4.474 mmol, 1 equiv) was added. The reactionC, 55.24: H, 9.27; N, 9.20. Found: C, 54.98; H, 9.36; N,
mixture was stirred at room temperature overnight, and then 8.89.
the miXture was eXtraCted W|th 5% 10 mL Of diChlorO' Hydro'ysis of Cross-linker 2. A stock solution of

methane. The organic layers were combined and evaporatedgeuteriated phosphate buffer (D-PBS) was prepared by
The product was purified by silica gel chromatography using dissolving 0.03 M KCI, 0.02 M KHPQO;, 1.4 M NaCl, and

a gradient from dichloromethane to 80/20 dichloromethane/ 0.1 M NaHPO,-H,0 in deuterium oxide. Working D-PBS
methanol to provide the product as a yellow oil (0.84 g, 2.43 puffers with pH values of 5.0, 7.4, and 13.0 were then

mmol, 54% yield). IR (cm?): 1210 (s), 1561 (m), 1718 (s),
3303 (br, m).!H NMR (400 MHz, CDC}): ¢ 1.33 (6H),
2.78 (t,J = 5.0, 2H), 3.45-3.52 (m, 4H), 3.553.62 (m,
10H).'3C NMR (400 MHz, CDC}): ¢ 24.75, 39.83, 41.53,
59.64, 60.17, 68.97, 70.31, 70.40, 72.97, 100.05, 116.05 (q
J = 287.5 Hz), 157.47 (¢ = 37.2 Hz). Calcd: [M+ H]*
(Ci3H26F3N20s) m/z 347.1795. Found: FAB-HRMS
[M + H]" m/z= 347.1794. Anal. Calcd (fgH2sF3N20s):

C, 45.08; H, 7.28; N, 8.09. Found: C, 45.14; H, 7.45; N,
7.98.
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prepared by diluting the stock solution with 10 vol of
deuterium oxide and by adjusting the pH i M NaOH.
Separate aliquots of the working buffers with pH 5.0 and
7.4 (4 mL) were stirred at 37C for 1 min, and the hydrolysis

,experiments were started by adding 1 mL of the pH 5.0 and

7.4 D-PBS solutions containing 50 mg/mL of cross-linkRer
with rapid stirring. Because some time is required for
dissolution and mixing, the time= 0 for this experiment
was taken as 30 s after mixing. Aliquots (0.5 mL) of each
of the hydrolysis solutions were taken out at various times
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Table 1. Formulation and Characteristics of Various Degradable Microparticles?

XI(x+Y) YI(x+y) nl(x+y+n) diameter OVA encapsulation
particle (%) (%) (%) (um) (PDI)®2 (ug/mg)©
2 100 5 4.18 (0.168) 574+ 4.8
3 90 10 5 4.12 (0.216) 1140+ 8.6

a Total amount of monomers and cross-linker was 100 mg in ovalbumin-containing PBS (200 «L). Type 1 particles (5.19 um in diameter with
PDI of 0.187) were made of acrylamide and N,N'-methylenebisacrylamide as a nondegradable control. 2 Polydispersity index (PDI) obtained by
dynamic light scattering (DLS). ¢ Amount of encapsulated protein in nondegradable particle was not able to be determined.

using 1 mL syringes and treated by addition of D-PBS buffer labeled protein was prepared according to the protocol
with pH 13.0 (0.2 and 0.6 mL for the samples from pH 5.0 provided by the manufacturer. Particles were hydrolyzed by
and pH 7.4, respectively) to terminate hydrolysis. The ratio incubating with 300 mM acetic acid buffer pH 5.0f® h at
y of hydrolyzed to total cross-linker at timtevas determined  room temperature. Ovalbumin concentrations were quantified
by comparing the integratéti NMR spectra of the dimethyl by measuring the fluorescence of Cascade Blue with excita-
peak of the acetal linkage (1.27 ppm) to the vinyl group  tion at a wavelength of 355 nm and detection at 405 nm
peak ¢ 5.64 ppm). The cross-linker half-lifet;(;) was using a fluorescence plate reader.
determined as (In 24, where hydrolysis constai was a Bone Marrow Derived Dendritic Cells (BMDCs).
negative value of the slope obtained by plotting iy() Femurs and tibia of 24 month old female B10.MBR-H2Y
versus incubation time The reference ratio of hydrolyzed  gyEg mice (Jackson Laboratory, Bar Harbor, MEyere
to total amount of cross-linkeryo, is the ratio att = 0 extracted after euthanasia, and the bone marrow was flushed
(30 s after mixing). out using a 26 gauge needle with 5 mL of RPMI1640
Preparation of Microparticles. Microparticles were medium supplemented with 10% (v/v) fetal bovine serum
prepared using an inverse microemulsion polymerization (FBS) (Hyclone, Logan, UT), 100 units/mL penicillin, 100
method. Nonionic surfactants (3/1 Span 80/Tween 80, yg/mL streptomycin, 2 mML-glutamine, 1 mM sodium
Aldrich, St. Louis, MO) were dissolved in hexane at the pyruvate, and 55uM 2-mercaptoethanol (Gibco BRL,
concentration of 10% (w/w), and air was removed by Bethesda, MD). After the red blood cells were removed by
sparging with dry nitrogen. An aqueous solution of mono- treatment with RBC lysis buffer (Gentra Systems, Min-
mers and cross-linker was prepared by dissolving acrylamideneapolis, MN), the remaining cells were cultured with the
(Biorad, Hercules, CA), cationic cleavable monorheacetal ~ medium given earlier and further supplemented with 5%
cross-linker2, and 5 mg of ammonium persulfate (APS, (v/v) of supernatant containing granulocyte-macrophage
Biorad) in 200uL of phosphate-buffered saline (PBS, pH colony stimulating factor (GM-CSF) kindly provided by Dr.
8.0) containing 10 mg/mL ovalbumin (Sigma, St. Louis, Edward James (UC Berkelep After cultivation for 7 days

MO), in the amounts shown in Table 1. The aqueous phasejn a 6-well plate, the suspended cells were inoculated onto
was combined with 20 mL of the organic surfactant solution. a 96-well plate in the density of & 10* cells/well.

After the microemulsion was formed by sonication in a water
bath for 30 s, polymerization was initiated by the addition
of 20 uL of N,N,N',N'-tetramethylethylenediamine (TEMED,

Sigma). The solution was stirred for 10 min before addition

of an excess of acetong (+2 times the volume of.the were cultured for an additional 36 h. The medium was
organic surfactant solution), followed by centrifugation at aspirated, and 10L of a stock solution containing 10 mg/

3000 rpm for 3 min. The precipitated pellet was washed once "3 4 5_gimethyithiazol-2-yl)-2,5-diphenyltetrazolium bro-
with acetone, centrifuged, and dried under vacuum overnight. . (MTT, Sigma) in PBS was added along with&00f
Eor comparison, no_ndegradabl_e polyacrylamide micropar- medium, fo’IIowed by further incubation f& h at 37°C.
It.'c:fs WI\T :\]e, ma‘:ﬁ l|Jsmgbgcrylalrmd%andBnongegradable CI0SSThe reduced MTT-formazan product generated by live cells
inker, N.N-methylenebisacrylamide (Biorad). - was dissolved in 20GiL of dimethyl sulfoxide (DMSO),
Measurement of Microparticle Size.Particle sizes were 5,4 20uL of glycine buffer (0.1 M glycine, 0.1 M NaCl,
measured using a dynamic light scattering (DLS) particle py 10.5) was added. The relative viability of the cells
sizer (Zetasizer Nano ZS, Malvern Instruments, Malvern, jncybated with microparticles to untreated cells was deter-

U.K.) using a He-Ne laser (633 nm wavelength) with a fixed  mined by measuring the MTT-formazan absorbance at 561
detector angle of 90 The microparticles were suspended at

0.1 mg/mL in pH 7.4 PBS (Gibco BRL, Bethesda, MD) at
25 °C and the Z-average size was determined using the
software provided by the manufacturer. (18) Sachs, D. H.; Arn, J. S.; Hansen, T. H. Two new recombinant

L . .. H-2 haplot , f which juxt Kb and Ik allelks.
Determination of OVA Encapsulation Efficiency. The Im mu?glolgggslzog i;65vfl'§691ux aposes Kb an afess
encapsu!ated amount of protein WQS determi.ned U.S_ing(lg) James, E.; Scott, D.; Chai, J.-G.; Millrain, M.; Chandler, P.;
ovalbumin that had been conjugated with the pH-insensitive Simpson, E. HY peptides modulate transplantation responses to

dye Cascade Blue (Molecular Probe, Eugene, OR). The skin allografts.Int. Immunol.2002 14, 1333-1342.

Cytotoxicity Assay. To test the cytotoxicity of the
particles, 5x 10* BMDCs per well of a 96-well plate were
incubated with various amounts of microparticles for 6 h.
After extensive washing with the mediumx3 the cells
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Antigen Presentation AssayThe amount of ovalbumin-
derived peptides presented on MHC class | (k#)2and Il
(I-AY molecules was measured by an in vitro cellular
assay’’?'BMDCs were incubated with varying amounts of
ovalbumin-encapsulating microparticlesr f6 h and then
washed extensively with pH 7.4 PBSx110° cells/well of
B3Z (CD8+) or KZO (CD4+) T cell hybridomas were co-

that microparticles showed increased MHC | restricted
antigen presentation due to particle degradation in the acidic
lysosomal environment leading to membrane disruption. The
particles were made using a benzylidene acetal cross-linker
that liberated an aromatic aldehyde upon hydrolysis. Since
such aldehydes might react with intracellular proteins, we
have developed an alternative acid-labile cross-linRer

incubated with BMDCs overnight. These hybridoma express shown in Figure 1, that does not liberate an aldehyde upon

lacZ upon binding of the T cell receptor (TCR) to peptide/
MHC. The medium was replaced with 1@ of CPRG
buffer made of 91 mg of chlorophenol re#ip-galacto-
pyranoside (CPRG, Roche, Indianapolis, IN), 1.25 mg of
NP40 (EMD Sciences, La Jolla, CA), 9 mlf ® M MgCl,
(Aldrich), ard 1 L of PBS. The amount of the lacZ enzyme
was quantified by the hydrolysis of CPRG, which produces
chlorophenol red absorbing at 595 nm. The quantity of

hydrolysis. Hydrolysis of novel alkyl acet& produces
acetone, a relatively nontoxic metabolic intermediate of fatty
acid oxidization. An acid-cleavable alkyl acetal cross-linker
with a somewhat similar structure reported previotfslyas

not soluble in an aqueous medium. In this study, the new
aqueous-soluble cross-link@rwas synthesized for encap-
sulation of hydrophilic molecules (e.g., ovalbumin) in the
hydrogel particles.

presented peptides was calculated by comparison with the Monomer1 (Figure 1), used in conjunction with cross-

UV absorption values obtained from free MHC | binding
peptide, OVAss 265 (SIINFEKL), and MHC Il binding
peptide, OVA47—265 (PDEVSGIEQLESIINFEKL) peptides,

linker 2, was also designed for its ability to generate small
molecules upon acid hydrolysis. This should be beneficial
as it was conjectured that the osmotic pressure generated by

with B3Z and KZO, respectively, incubated with BMDCs small molecules released upon hydrolysis of the particles
as a reference. The sigmoidal calibration curve was fitted to destabilizes the lysosome, thereby contributing to cytosolic
Gompertz model Ab= o exp[—exp{8 — yC)],?2 where Ab release of the encapsulated antigens. In addition to its
andC are absorbance at 595 nm and particle concentration,synergistic action for the formation of small molecules upon
respectively. Unknown constants, 5, andy, were deter- hydrolysis, monomefl also brings potentially useful ad-
mined by squared error minimization of experimental ditional cationic functionality to the degradable particles, as
measurement with the fitted curve using simulation software well as sited for the conjugation of additional biomolecules.
MatLab (Mathworks, Natick, MA) under the default condi- While it has been documented that under some conditions
tions. Antigen presentation was determined by extrapolation primary amines can react with acrylamides by Michael

of experimental data into the generated equation of the addition?® no indications of this reaction were found with

calibration curve.
Data Analysis.Unless otherwise indicated, triplicate data
were obtained and presented as mgastandard deviation.

acetal monomet and cross-linkep.
Hydrolysis of the New Cleavable Cross-linker and
Monomer. To test the controlled release of the encapsulated

Statistical difference was analyzed using analysis of varianceovalbumin in acidic conditions, acid-cleavable acetal cross-

(ANOVA) with Student’st test on the significance level of
p < 0.01.

Results and Discussion

Synthesis of Cleavable Cross-linker and Monomer with
Increased Biocompatibility. Typically, exogeneous antigens
are processed along the MHC Il pathway in lysosomes.

However, it has been suggested that disruption of the

lysosomal membrane can direct exogeneous antigens int
the MHC | pathway*>23In previous work we had reported

(0]

linker 2 was incubated at both physiological and lysosomal
pHs (pH 7.4 and pH 5.0, respectively) at 3Z. Using the
Arrhenius equation (i.e., first-order decay), the hydrolysis
rate constant and half-lives were calculated (Figure 2). It
was found that cross-link&was hydrolyzed approximately
250 times faster at pH 5.0 (half-life of 1.6 min) than at the
physiological pH of 7.4 (half-life of 6.8 h). This cross-linker
also hydrolyzed approximately 3 times faster than the
benzylidene acetal cross-linker used in the previously
reported systemS. As expected, the structurally related
monomerl showed almost identical hydrolysis kinetics (data
not shown). On the basis of these preliminary results, it was

(20) Shastri, N.; Gonzalez, F. Endogenous generation and presentatiorexpected that the new acid-labile linkagelo&nd 2 could

of the ovalbumin peptide/K(b) complex to T-cells. Immunol.
1993 150, 2724-2736.

(21) Sanderson, S.; Shastri, N. LacZ inducible, antigen MHC-specific
T-cell hybrids.Int. Immunol.1994 6, 369-376.

(22) Annadurai, G.; Rajesh Babu, S.; Srinivasamoorthy, V. R. Devel-
opment of mathematical models (Logistic, Gompertz and Richards
models) describing the growth pattern Bseudomonas putida
(NICM 2174).Bioprocess Eng200Q 23, 607—612.

(23) DeCourcy, K.; Storrie, B. Osmotic swelling of endocytic compart-

ments induced by internalized sucrose is restricted to mature

lysosomes | cultured-mammalian-celsp. Cell Res1991, 192,
52—60.
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help control and accelerate release of the encapsulated
ovalbumin from the acidic lysosome to the cytoplasm.

(24) Goddard, P.; McMurray, J. S.; Sheppard, R. C.; Emson, P. A
solubilisable polymer support suitable for solid phase peptide
synthesis and for injection into experimental animalhem.
Commun1988 15, 1025-1027.

(25) Friedman, M.; Calvins, J. F.; Wall, J. S. Relative nucleophilic
reactivities of amino groups and mercaptide ions in addition
reactions with alpha beta-unsaturated compouddadm. Chem.
Soc.1965 87, 3672-3682.
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Figure 2. Hydrolysis kinetics of cleavable cross-linker 2 at
pH 5.0 and 7.4.

Preparation and Characterization of the Degradable
Particles. Three types of microparticles were prepared by
inverse microemulsion polymerization of acrylamide using
either a noncleavable cross-linker (particle type 1) or a
cleavable cross-linke? (particle type 2 and 3) (Figure 3

and Table 1). Because cationic particles are internalized by

cells more efficiently than neutral on&s’’ the cleavable
cationic monometl was used to prepare the third type of
microparticles (particle type 3). In this instance, the level of
incorporation ofl was set to 10% as previous studies had
shown that such a level of positive charge incorporation did
not afford unacceptable toxicif.In acidic conditions, the
type 2 hydrogel particles are designed to break down into

linear polymers and release acetone as well as encapsulated

proteins, while type 3 particles would also release amino-
ethoxyethanol (Figure 3).

For this study, the size of the microparticles determined
by dynamic light scattering (DLS) analysis was of8um
in diameter (Table 1) for uptake by macrophages and
dendritic cellst”?° A model antigen, ovalbumin (OVA), was

encapsulated in each type of particle. The encapsulation

efficiencies of both type 2 and 3 particles were approximately
5—10 times higher than those previously repotfeaihad more

OVA was encapsulated in type 3 particles than in type 2
particles under the same conditions (Table 1). This may be

(26) Singh, M.; Briones, M.; Ott, G.; O’'Hagan, D. Cationic micro-
particles: A potent delivery system for DNA vaccinBsoc. Natl.
Acad. Sci. U.S.A200Q 97, 811-816.

(27) Singh, M.; Ott, G.; Kazzaz, J.; Ugozzoli, M.; Briones, M.;

Donnelly, J.; O'Hagan, D. T. Cationic microparticles are an

effective delivery system for immune stimulatory CpG DNA.

Pharm. Res2001, 18, 1476-1479.

McAllister, K.; Sazani, P.; Adam, M.; Cho, M. J.; Rubinstein,

M.; Samulski, R. J.; DeSimone, J. M. Polymeric nanogels

produced via inverse microemulsion polymerization as potential

gene and antisense delivery agedtsAm. Chem. So@002 124,

15198-15207.

Thiele, L.; Rothen-Rutishauser, B.; Jilek, S.; Wunderli-Allenspach,

H.; Merkle, H.; Walter, E. Evaluation of particles uptake in human

blood monocyte-derived cells in vitro. Does phagocytosis activity

of dendritic cells measure up with macrophagésZontrolled

Release2001, 76, 59—71.

(28)

(29)
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Figure 3. Preparation and hydrolysis of microparticles de-
gradable at lysosomal pH.

due to the attractive interactions between the cationic
monomers and OVA, which has an isoelectric point (PI) of
4.6-4.9%1t is also possible that the more flexible monomers
used in these systems provide more space to accommodate
OVA encapsulation.

Directed and Enhanced MHC | Restricted Antigen
Presentations by the New Degradable MicroparticlesThe
performance of the particles as vaccine carriers was evaluated
by their incubation with bone marrow derived dendritic cells
(BMDCs). DCs are the most potent APCs and play pivotal
roles in orchestrating the immune resporide®.Cytotoxicity

(30) Conway-Jacobs, A.; Lewin, L. M. Isoelectric focusing in acryl-
amide gels: use of amphoteric dyes as internal markers for
determination of isoelectric pointdnal. Biochem1971, 43, 394~
400.

(31) Banchereau, J.; Steinman R. M. Dendritic cells and the control
of immunity. Nature 1998 392, 245-252.
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Figure 4. Cytotoxicity of the microparticles at various con- 25
centrations after 6 h incubation with BMDCs. Cells were s
washed extensively after incubation with the particles and £ 5 ] (b)
further incubated with fresh medium for 36 h. Relative viability S
was determined by MTT assay. = 15|
81
Lo c
tests revealed very similar inhibitory effects on the cellular o
viability and growth with all particles at the concentration “E’_ 1
range used in this study (Figure 4). The fact that type 2 and c
3 particles showed a toxicity similar to that of polyacrylamide _aé,o.s
particles (type 1), which had been reported as nontoxic to E
animals, fish, and humans at very high déssuggests that 0 ) 1‘0 1(')0 1000
the type 3 as well as type 2 particles could be administered .
at high dose in vivo to achieve higher immune responses by Particle amount (pg/well)
targeting more APCs. 4
Antigen presentation by MHC | and Il was quantified by (c)
lacZ expression from B3Z (CDB, Figure 5a) and KZO 3 ]
(CD4+, Figure 5b) T cell hybridomas, respectively, co- =
incubated with BMDCs, which had been incubated with the <
microparticles for 6 h. MHC | presentations of antigens -% 2
delivered by type 2 particles were %8 times higher than (14
those delivered by type 1 particles at particle concentrations 14
of 25—250 ug/well. Remarkably, antigen presentations by
type 3 particles were 75 times higher than those of type 1 0

particles at the concentration of 2g/well (Figure 5a). On

the other hand, presentation of OVA-derived peptides by the
MHC Il pathway using type 1 particles was higher than for
type 2 and 3 (Figure 5b). Thus it is clear that the enhanced
presentation of OVA-derived peptides by the MHC | pathway
rather than the MHC Il pathway was achieved by using
degradable microparticles (Figure 5c). Type 3 cationic
particles were expected to give higher antigen presentation
by both MHC | and Il than others due to enhanced

endocytosis and encapsulation; however, they showed sig-

nificantly directed MHC class | restricted antigen presentation
compared to type 2 particles consisting of only acrylamide
and cross-linkeR. Cross-linker2 releases only acetone from

(32) Lanzavecchia, A.; Salluto, F. Regulation of T cell immunity by
dendritic cells.Cell 2001 106, 263—266.

(33) Kapsenberg, M. Dendritic-cell control of pathogen-driven T-cell
polarization.Nat. Re.. Immunol.2003 3, 984-993.

(34) McCollister, D. D.; Hake, C. L.; Sadek, S. E., Rowe, V. K.
Toxicologic investigations of polacrylamideJ.oxicol. Appl.
Pharmacol.1965 7, 639-651.
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Figure 5. Presentation of OVA-derived peptides restricted
(@) by MHC | and (b) by MHC Il on BMDCs, and (c) ratio of
MHC | to MHC Il presentation by BMDCs, after incubation
with the particles for 6 h followed by co-incubation with T
hybridoma cells overnight.

the polymeric backbones after hydrolysis but monorher
releases aminoethoxyethanol in addition to acetone. There-
fore, the lysosomal compartment may be more effectively
destabilized by type 3 particles than by others due to higher
osmotic pressure associated with the release of more small
molecules.

Although it is clear that the presence of the cleavable
species enhances antigen presentation, optimizing the ratio
of monomerl and cross-linkeR is still a challenging task.
Monomer hydrolysis releases more small molecules than
hydrolysis of the cross-linker, but encapsulated macromol-
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ecules cannot be released until most of the cross-linkerwell as plasmid DNA. Such encapsulation could be achieved
moieties are cleaved. A reasonable assumption may be thaat physiological pH due to the cationic interior, while release
cleavage of cross-linke?2 determines the rate of antigen from the polymeric networks would occur in the lysosome
release, while degradation of the mononidacilitates the as a result of cleavage of the cationic portion of the
directed MHC | restricted antigen presentation. In addition monomers. As a result, these features of the particles might
to the added level of activity they afford, microparticles of be very useful for antisense, immunotherapy, and gene
type 3 may have yet another advantage. Their incorporationdelivery applications.

in the polymerization mixture leads to a microparticle with
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groups in the interior of the microparticle could be used to DE-ACO03-76SF00098).

advantage to encapsulate oligonucleotides, which would
normally easily diffuse out of neutral hydrogel particles, as MP0498953
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